The normal right ventricular pressure-volume relation was studied by recording biplane right ventriculograms with simultaneous high fidelity pressure recordings in 10 adults found to have normal coronary arteries and haemodynamic function at diagnostic cardiac catheterisation. Right ventricular volume was measured frame by frame from digitised ventriculograms by a modification of Simpson's rule. The accuracy of this method was tested in a study of 22 human and animal right ventricular casts. There was excellent agreement between calculated volumes and those measured by fluid displacement. The derived regression equations were used to correct right ventricular volumes calculated from in vivo studies. The mean (SD) end diastolic volume index for the group was 62 (13) ml/m2, the stroke volume index was 43 (8) ml/M2, and the ejection fraction was 62 (6)%. Right ventricular pressure-volume loops were generated by combining simultaneous volume and pressure curves. The normal right ventricular pressure-volume loop was triangular, departing significantly from the square or rectangle of the normal left ventricular pressure-volume loop. Ejection from the right ventricle began early during the pressure rise and continued as right ventricular pressure fell. As a result phases of isovolumic contraction and relaxation were difficult to define.
SUMMARY
The normal right ventricular pressure-volume relation was studied by recording biplane right ventriculograms with simultaneous high fidelity pressure recordings in 10 adults found to have normal coronary arteries and haemodynamic function at diagnostic cardiac catheterisation. Right ventricular volume was measured frame by frame from digitised ventriculograms by a modification of Simpson's rule. The accuracy of this method was tested in a study of 22 human and animal right ventricular casts. There was excellent agreement between calculated volumes and those measured by fluid displacement. The derived regression equations were used to correct right ventricular volumes calculated from in vivo studies. The mean (SD) end diastolic volume index for the group was 62 (13) ml/m2, the stroke volume index was 43 (8) ml/M2, and the ejection fraction was 62 (6)%. Right ventricular pressure-volume loops were generated by combining simultaneous volume and pressure curves. The normal right ventricular pressure-volume loop was triangular, departing significantly from the square or rectangle of the normal left ventricular pressure-volume loop. Ejection from the right ventricle began early during the pressure rise and continued as right ventricular pressure fell. As a result phases of isovolumic contraction and relaxation were difficult to define.
These observations show that normal right ventricular pressure-volume relations differ considerably from those of the normal left ventricle, presumably reflecting the different loading conditions of the two ventricles.
Unlike the left ventricle, the right ventricle has been largely ignored in terms of the detailed characterisation of its function. Probably the most important factor responsible for this has been the difficulty in accurately measuring right ventricular volume as a result of its complex geometric shape. Unlike the normal left ventricle, which approximates to a prolate ellipsoid, the right ventricle does not (a) Superimposed plots of cavity outlines throughout the cardiac cycle (fig 2) (b) Graphs displaying changes of cavity volume, and pressure throughout the cardiac cycle (fig 3) , from which measurements of end diastolic and end systolic volumes were made and corrected for body surface area (ml/m2). Right ventricular ejection fraction was calculated as the ratio of stroke volume to end diastolic volume.
(c) Pressure-volume loops showing instantaneous changes of pressure and volume throughout the cardiac cycle (figs 4 and 5), and from these loops the following measurements were made: (i) right ventricular ejection before and after peak right ventricular pressure expressed as a percentage of the total stroke volume; (ii) the external mechanical work performed by the right ventricle during systole. This is equivalent to the area enclosed by the pressure volume loop and was determined by automatic planimetry, with systolic stroke work being expressed in J/m2 body surface area (1 mm Hg.ml = 1-36 x 10-4J); and (iii) cycle efficiency, which was 25 The volume of the casts ranged from 10 to 91 ml. Fig 6a and b shows (fig 7) . Ejection from the ventricle began early during pressure upstroke with a id beat to mean of 39 (4%O) of the stroke volume being ejected Id ejection before peak right ventricular pressure. Con-)ercentage sequently there was a poorly defined phase of isoitability.13 volumic contraction. Interestingly ejection conen the two tinued well beyond the development of peak right is no sys-ventricular pressure with 43 (9)% of the stroke volthat the ume being ejected during pressure fall. In only five -ize of the patients was there a well defined end systolic shouldoes not der to the loop ( fig 5) 
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Volume (cc x10-l) Fig 7 Typical example of a normal left ventricular pressure-volume loop.
INTRAOBSERVER AND BEAT TO BEAT REPRODUCIBILITY
The table shows intraobserver and beat to beat repeatability.
Discussion
Investigation of left ventricular pressure-volume relations has greatly increased our understanding of That the right ventricle can continue to eject during a fall in pressure was suggested indirectly from observations by Shaver et al in 1974 who, using simultaneous right ventricular and pulmonary artery pressure measurements, described a so-called "hangout period" of up to 90 ms between right ventricular pressure fall and pulmonary valve closure in patients with normal right heart pressures.17 The ability of the right ventricle to eject blood as cavity pressure is falling presumably reflects the low hydraulic impedance to flow and high capacitance of the normal pulmonary vascular bed since this hangout period was greatly reduced when pulmonary vascular resistance was raised. There are no human right ventricular pressure-volume data on the effect of pressure loading, but further support for this phenomenon being a load-dependent one, rather than an intrinsic property of the right ventricular myocardium, comes from similar appearances of pressure-volume loops obtained from left ventricles ejecting against the much reduced afterloads that are present after the Mustard operation (unpublished observations) and during treatment with vasodilators. 8 The external mechanical work performed by the right ventricle on the circulation during systole is equal to the area enclosed by the pressure-volume loop.'9 The ratio of this area to the area of a square or rectangle that just encloses it represents the ratio of actual work done to the maximum possible done by a ventricle with the same pressure and volume changes and has been termed "cycle efficiency". Despite the finding that the work performed by the right ventricle in ejecting its stroke volume is considerably lower than that for the left ventricle, its "efficiency", as measured by this index, is low (58 (6)%). Cycle efficiency is, however, simply a measure of the ability of the ventricle to act as a square wave pump and the low cycle efficiency observed for the normal right ventricle should not be interpreted as a reflection of efficiency in terms of its energetics, but rather as a convenient method of quantifying the departure of the shape of its pressure-volume loop from that of a square or rectangle. We have shown that it is possible to measure right ventricular volume throughout the cardiac cycle and construct pressure-volume loops. Analysis of these loops showed fundamental differences between the pressure-volume relation of the normal left and right ventricles, which presumably reflect the low hydraulic impedance to flow in the pulmonary circulation.
